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We propose a novel scheme to prepare a macroscopic mechanical oscillator in a cat-like state,
close to a coherent state superposition. The mechanical oscillator, coupled by radiation-pressure
interaction to a field in an optical cavity, is first prepared close to a squeezed vacuum state using
a reservoir engineering technique. The system is then probed using a short optical pulse tuned to
the lower motional sideband of the cavity resonance, realizing a photon-phonon swap interaction.
A photon number measurement of the photons emerging from the cavity then conditions a phonon-
subtracted cat-like state with a negative Wigner distribution. We show that this scheme is feasible
using state-of-the-art photonic crystal optomechanical system.
Introduction.—Since its inception, a major question in
quantum mechanics was whether and how the superpo-
sition principle applies to macroscopic objects, as em-
bodied in the famous thought experiment of Schro¨dinger.
Nowadays, superpositions of coherent states, also known
as cat states, are routinely generated in microscopic sys-
tems such as ions [1, 2], radiation in superconducting
cavities [3], optical photons [4–6], as well as atoms [7]
and hybrid atom-light systems [8]. Preparing such states
in macroscopic systems has proved more difficult. It has
mainly been considered within the framework of quan-
tum optomechanics, where a macroscopic mechanical os-
cillator is coupled to an electromagnetic field in a cav-
ity via radiation pressure interaction [9]. Recent ad-
vances in optomechanics include cooling the oscillator to
its ground state [10, 11], observation of quantum corre-
lations between light and mechanics [12–16], and quan-
tum non-demolition (QND) measurements [17, 18] and
squeezing [19–23] of mechanical motion. Even more re-
cently, single phonon [24] and entangled [25, 26] states
were prepared in mechanical oscillators using condi-
tional measurements [27], and Fock states of acoustic
waves were generated through coupling to superconduct-
ing qubits [28–30]. Despite numerous theoretical pro-
posals [31–45], however, the generation of macroscopic
continuous-variable cat states has remained elusive. Such
states are interesting not only for addressing fundamental
questions in quantum theory [46–49], but also for efficient
encoding of quantum information in continuous-variable
systems [50–52]
Here we propose a novel scheme for preparation of
a mechanical cat-like state in quantum optomechanics.
Our scheme does not require single-photon strong cou-
pling [37] or quadratic coupling [35, 38], and does not rely
on external generation and transfer of the non-classical
state [40, 53]. An established technique for preparation
of cat-like states is subtraction of one or several quanta
from a squeezed vacuum state [54, 55]. This has been
demonstrated in optics by passing a squeezed vacuum
beam through a high-transmission beamsplitter. Con-
∗ itay.shomroni@epfl.ch
xˆ
Ωm
!c
(a)
!
!c !c + Ωm!c − Ωm
cavity
t
squeeze
subtract
!
(b)
!c − Ωm
!c + Ωm
measure
Ωm
»
!
!c!c − ΩmΩm
optical
filter
Subtraction(c) Squeezing
oscillator
Single-photon
counter
oscillator
(d)
D
en
si
ty
of
st
at
es
wait
FIG. 1. Optomechanical scheme for generation of a me-
chanical cat-like state. (a) Illustration of a generic cavity-
optomechanical system. A mechanical oscillator (frequency
Ωm, energy dissipation rate Γm, displacement xˆ) forms part
of an optical cavity (frequency ωc, energy dissipation rate
κ). Cavity photons couple to the oscillator through radiation-
pressure interaction, and the output light from the cavity is
analyzed. (b) Time-domain picture of the scheme. The os-
cillator is first prepared in a squeezed state by driving the
cavity on the upper and lower motional sidebands. Then, a
short pulse on the lower motional sideband drives an anti-
Stokes photon-phonon scattering (beamsplitter interaction),
subtracting phonons from the mechanical state, which can be
analyzed after a variable wait time. (c,d) Frequency-domain
pictures of the squeezing (c) and subtraction (d) stages. The
Wigner distribution of the mechanical state is also shown.
ditioned on the detection of one or several photons at
the reflection port, an equal number of photons is sub-
tracted from the transmitted beam, generating a cat-like
state [5, 6]. In Ref. 40 it was proposed to optomechani-
cally transfer a photon-subtracted squeezed vacuum onto
a mechanical oscillator. Our approach combines cavity
optomechanical quantum control and photon counting to
directly generate a phonon-subtracted squeezed mechani-
cal state (Fig. 1). In optomechanics, it is possible to real-
ize a beamsplitter-type interaction between a cavity pho-
ton (frequency ωc) and a mechanical excitation (a phonon
of frequency Ωm) within the resolved-sideband regime
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2Ωm  κ, where κ is the cavity linewidth [9]. This inter-
action occurs when the cavity is driven with frequency
ωl on the lower motional sideband, ωc − ωl = −Ωm,
through cavity-enhanced anti-Stokes scattering of drive
photons by the oscillator (Fig. 1d), and is the basis of
sideband cooling of mechanical motion [9] and coherent
photon-phonon swap [56, 57]. In our scheme, shown in
Fig. 1, the mechanical oscillator is first prepared close
to a squeezed vacuum state [19–23], then one or sev-
eral phonons are swapped with photons which proceed
to emerge from the cavity. Light from the cavity is opti-
cally filtered on the resonance frequency in order to de-
tect only anti-Stokes scattered photons. Conditioned on
subsequent number-resolved photon detection [58], a me-
chanical phonon-subtracted squeezed state is generated.
The state can be subsequently analyzed by mechanical
tomography, for example using single-quadrature QND
measurements, demonstrated in the optical domain [18],
or by state swap followed by homodyne detection [57].
Optomechanical crystals [59] are an especially promising
platform for our scheme. They operate in the resolved
sideband regime, and high-fidelity cooling to the ground
state with strong driving has been demonstrated [11]
(note that cooling and squeezing are here combined in a
single step [19]). Additionally, they can show extremely
long coherence times of more than a second [60], mak-
ing them attractive for studying non-classical states of
motion. We note that the individual components of our
scheme have both been separately implemented. Squeez-
ing was successfully demonstrated in several optomechan-
ical systems [20–23], and photon counting was applied to
optomechanical crystals prepared in the ground state to
generate single-phonon and entangled [24–26, 61, 62] me-
chanical states.
Squeezing of the mechanical state.—The first stage of
our protocol is squeezing of the mechanical oscillator
by reservoir engineering [19]. The optomechanical sys-
tem in the resolved-sideband regime is driven with two
tones tuned to the upper (+) and lower (−) mechanical
sidebands, with coupling rates g± = g0
√
n¯± (Fig. 1c),
where g0 is the single-photon optomechanical coupling
rate and n¯± the mean intracavity photon number due
to each drive. When g+ = g−, a QND measurement
of a single mechanical quadrature Xˆ1 = (bˆ
† + bˆ)/
√
2
is performed [63, 64], with bˆ the phonon annihilation
operator. When g− > g+, however, both quadratures
Xˆ1 and Xˆ2 = i(bˆ
† − bˆ)/√2 are equally damped by the
cavity field while the fluctuations associated with the
damping are distributed unequally. This results in a
squeezed thermal state characterized by a squeezing pa-
rameter r and purity neff , where tanh r = g+/g− and
neff +
1
2 =
√
〈∆X21 〉〈∆X22 〉. The advantage of this scheme
is that it allows arbitrarily strong squeezing (limited by
drive power), in particular exceeding the 3 dB limit of
parametric driving. While Ref. 19 focused on maxi-
mum squeezing (minimum variance in one quadrature)
for a given drive power characterized by the cooperativ-
ity C = 4g2−/κγ, this comes at the expense of increased
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FIG. 2. State purity in optomechanical dissipative squeezing.
(a) State purity neff vs. squeezing parameter r for different
cooperativities C. (b) The cooperativity required to achieve
a given purity vs. r. The steady-state in optomechanical dis-
sipative squeezing, in particular the variance of the squeezed
quadrature but also the thermal component neff , results from
a trade-off between optical damping and ratio of the drives.
The two working points with neff = 0.02 used in this work are
indicated in both panels.
neff (although for optimal squeezing, neff → 0.2 in the
limit of high cooperativity [19]). State purity, however,
is important for engineering quantum states, and in this
work we relax the demand for optimal squeezing in fa-
vor of purity. For a given cooling strength C there is a
trade-off between the state purity neff and the amount
of squeezing r related to the imbalance of the drives [19].
Figure 2a shows the state purity neff vs. the squeezing pa-
rameter r for different cooperativities, and Fig. 2b shows
the required cooperativity vs. the squeezing parameter
for different purities. In Fig. 2 we assume that the me-
chanical oscillator is coupled to a bath with mean ther-
mal occupancy n¯th = 2. For conciseness, in this work
we consider two working points, both with neff = 0.02:
(1) r = 0.5 (4.3 dB squeezing), C ' 200, compatible
with recent high fidelity ground state cooling experiments
in optomechanical crystals [11] and (2) r = 1 (8.7 dB),
C ' 1000. Note that mechanical squeezing of 4.7 dB has
been reported [23]. Accordingly we will assume in the
following that the oscillator is prepared in the desired
squeezed state.
Conditional phonon subtraction.—Following the
squeezing stage, we apply a weak pulse tuned to the
lower motional sideband (Fig. 1d), realizing a beam-
splitter interaction, Hˆint = ~g(aˆ†bˆ + bˆ†aˆ) where aˆ is the
photon annihilation operator in a frame displaced by
the mean cavity field a¯, and g = g0a¯ the coupling rate
enhanced by a¯ [65]. The relation between the mechanical
state bˆ(t) and the cavity output field Aˆout(t) assuming
weak coupling g  κ is [65](
Aˆout(t)
bˆ(t)
)
=
(
cos θ i sin θ
i sin θ cos θ
)(
Aˆin(t)
bˆ(0)
)
(1)
where cos θ ≡ e−g˜t is the beamsplitter amplitude ‘trans-
3mission’ with g˜ ≡ 2g2/κ the interaction strength, and
Aˆin(t) the optical input in the second ‘port’ of the beam-
splitter, which is vacuum noise in the displaced frame.
If the initial mechanical state is squeezed vacuum (i.e.,
neff = 0) Sˆ(r)ρˆ0Sˆ
†(r) with ρˆ0 = |0〉〈0| and Sˆ(r) =
er(bˆ
2−bˆ†2)/2 the squeezing operator, the final mechanical
state ρˆ
(m)
out conditioned on the detection of m photons in
the output field can be calculated analytically [54]. It
is parametrized by m and by cos2 θ tanh r, with the ini-
tial squeezing degraded by the transmission cos2 θ due to
mixing with the optical vacuum noise Aˆin. Increasing the
transmission however also reduces the probability to her-
aldm subtracted phonons. Importantly, as we discuss be-
low, non-negligible values of θ can be easily obtained with
pulse durations satisfying κ−1  tpulse  (n¯thΓm)−1,
with n¯thΓm the thermal decoherence rate, thus we can
neglect decoherence of the mechanical state during the
pulse. The Wigner distribution of the conditioned me-
chanical state appears as two displaced peaks with an in-
termediate oscillating region, similar to a cat state, with
the peak separation increasing with m and initial squeez-
ing r [54].
Squeezed Fock and and thermal states have also been
treated in the literature [66–70] but yield complicated
expressions. Instead we solve numerically for the me-
chanical output state when the input is a squeezed ther-
mal state, with parameters m, r, neff , and θ [65]. As in
Refs. 40 and 43, we characterize the quantum nature of
the output state using two measures based on the Wigner
distribution W (x, p). The macroscopicity [71]
I = −pi
2
∫∫
W (x, p)
(
∂2
∂x
+
∂2
∂p
+ 2
)
W (x, p) dx dp (2)
assesses W (x, p) through the amplitude and frequency of
its interference fringes, with high values indicating highly
non-classical states. For any state with a given mean ex-
citation number 〈nˆ〉, the maximum possible value of I
is 〈nˆ〉. In particular, this maximum is attained both for
cat states and for phonon-subtracted squeezed vacuum
states, but also for squeezed vacuum [72]. We also con-
sider the Wigner negativity [73]
N = 1
2
(∫∫
|W (x, p)| dx dp− 1
)
(3)
which is simply the phase-space volume of the nega-
tive part of W (x, p). Figure 3a,b shows these measures
vs. the squeezing parameter r for different initial mechan-
ical state purities neff and for detection of m = 1, 2 or 3
photons. As expected, the non-classicality of the final
mechanical state is degraded by initial state impurity,
but can be increased by stronger squeezing. Figure 3a,b
also shows that for highly impure initial states or very
weak squeezing, more subtractions actually decrease non-
classicality.
Figure 3c–e shows the Wigner distributions for r = 1,
neff = 0.02, and m = 1, 2, 3, indicating the achieved
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FIG. 3. Effect of initial state purity on the non-classicality of
phonon-subtracted squeezed thermal mechanical states. (a)–
(b) The output state macroscopicity and Wigner negativity
vs. squeezing parameter r for state purities neff = 0 (blue),
0.02 (orange), 0.1 (green) and for m = 1 (solid), 2 (dashed),
and 3 (dash-dotted) subtracted phonons. Squeezed vacuum
neff = 0 is shown for reference. (c)–(e) Wigner distributions
for r = 1, neff = 0.02, and m = 1, 2, 3. The macroscopicity I
is indicated. In all panels we set θ = 0.1.
macroscopicity I. Figure 3 assumes no additional op-
tical losses and thus gives maximum non-classicality for
the given parameters. Even with optical losses, this max-
imum can be maintained by reducing the interaction
strength at the expense of heralding probability, such
that any photon lost will prevent heralding. In an ac-
tual experiment, a balance must be struck between con-
straints on experiment duration and decoherence of the
mechanical state due to optical losses. We extend the pre-
vious analysis by including a beamsplitter in the optical
path to account for a finite optical detection efficiency η.
Figure 4a,b shows the effect on the heralding probability
and macroscopicity, respectively, in the case neff = 0.02
for r = 0.5, 1 and m = 1, 2, 3.
Experimental realization.—To estimate the experimen-
tal feasibility of our scheme we consider an optomechan-
ical crystal, similar to that used in our recent QND [18]
and ground-state cooling [11] experiments, operating
in the resolved sideband regime, with mechanical fre-
quency Ωm/2pi = 5.2 GHz, intrinsic mechanical linewidth
Γm/2pi = 100 kHz, and optical cavity at telecommunica-
tion wavelengths with linewidth κ/2pi = 1 GHz of which
κex/2pi = 800 MHz output coupling and the rest intrinsic
dissipation [74]. We assume cryogenic operation at tem-
perature Tbath = 0.5 K, yielding bath occupation n¯th = 2
and thermal decoherence time of (nthΓm)
−1 ≈ 1µs, much
longer than the cavity lifetime and mechanical period,
thus we can safely neglect thermal decoherence in the
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FIG. 4. Effect of optical losses on generated cat-like mechanical state. (a) Heralding probability (successful detection of
m photons) vs. total optical detection efficiency η, shown for initial squeezing r = 0.5 (blue) and r = 1 (orange), and for
m = 1 (solid) 2 (dashed) and 3 (dash-dotted) subtracted phonons. This probability incorporates the weak optomechanical
beamsplitter interaction θ, chosen as θ = 0.05 for m = 1 cases, and θ = 0.1 for m = 2 cases. (b) The macroscopicity I
corresponding to the same curves in (a). (c–f) Wigner distributions and macroscopicities of the heralded mechanical state,
assuming η = 0.2, for the points indicated in (a,b).
analysis. Note that optomechanical crystals with deco-
herence times above 1 s have been demonstrated, albeit
at mK temperatures [60]. With a typical single-photon
optomechanical coupling rate g0/2pi ∼ 1 MHz, beamsplit-
ter reflections of the order of a few percent as used in this
work can be realized using, e.g., 10 ns pulses of low in-
put power ∼ 10µW, much weaker than typical cooling
experiments.
We assume total detection efficiency η = 20%, which
is feasible assuming almost 100% outcoupling of light
from the cavity into an optical fiber, as was demon-
strated [75–77]; 80% cavity efficiency κe/κ; and addi-
tional 25% efficiency due to the transmission of the opti-
cal filter and other components, and photon-counter de-
tection efficiency. This gives heralding probabilities in
the range 10−4–10−7 from Fig. 4a. Squeezing of the ini-
tial thermal state occurs at a rate CΓm ≈ 2pi × 20 MHz
for C = 200, thus reducing the initial occupancy n¯th = 2
to neff = 0.02 can be done in a timescale of ∼ 100 ns.
As noted above, the subtraction pulse duration can be
∼ 10 ns. We assume next a tomography of the final me-
chanical state to take ∼ 100 ns, given the mechanical
period of ∼ 30 ps. Overall we conservatively assume a
repetition rate ∼ 10µs. Thus even with a heralding prob-
ability of 10−7, we expect 1 event every 100 s, resulting
in a feasible experiment duration of several hours. Note
that similar photon-counting experiments were done on
a time scale of 100 hrs [24].
Figure 4c–f shows the mechanical Wigner distributions
corresponding to η = 0.2. For squeezing r = 0.5, macro-
scopicities I ≈ 1 are obtained, similar to a single phonon
Fock state but with substantially different distributions
(Fig. 4c,d). For r = 1 much higher values I ≈ 4 are pos-
sible (Fig. 4e,f). Thus even with realistic experimental
parameters, highly non-classical states are obtainable.
Conclusion.—We presented a novel scheme to prepare
a macroscopic mechanical oscillator in a cat-like state
by combining reservoir-engineering techniques, phonon-
photon swap operations, and photon counting. A key
feature of our scheme is its simplicity. It does not re-
quire preparation of non-classical states of light, and is
similar to methods used to generate macroscopic Fock
states [24, 27], differing essentially in the squeezing step.
We have used experimental parameters that are currently
available in optomechanical crystals. While in this work
we considered phonon subtraction from a squeezed state,
phonon addition may equally well be performed, by ap-
plying a pulse tuned to the upper motional sideband,
providing additional avenues for generating non-classical
mechanical states [44]. Generation of such states will en-
able the study of quantum theory in macroscopic objects,
and is a first step in using highly coherent and scalable
mechanical platforms for continuous variable quantum
information applications [50].
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Appendix A: Theoretical details
We consider a standard optomechanical system with
a single relevant optical mode with frequency ωc, and
annihilation operator aˆ and a single relevant mechanical
mode with frequency Ωm and annihilation operator bˆ.
The two modes interact via radiation pressure interaction
with a single-photon coupling rate g0. The Hamiltonian
is given by [9]
Hˆ = ~ωcaˆ†aˆ+ ~Ωmbˆ†bˆ− ~g0aˆ†aˆ(bˆ† + bˆ)
− i~[aˆin(t)aˆ† − aˆin(t)†aˆ] (A1)
where aˆin(t) = e
−iωlt(a¯in + δaˆin) is a coherent drive at
frequency ωl, separated into its mean and noise terms.
For simplicity we take the drive envelope to be constant.
Following standard procedure we move to a frame rotat-
ing with the drive frequency and linearize the dynamics
about the mean values aˆ = a¯ + δaˆ and bˆ = b¯ + δbˆ. This
yields
H = −~∆δaˆ†δaˆ+ ~Ωmδbˆ†δbˆ− ~g(δaˆ+ δaˆ†)(δbˆ† + δbˆ)
− i~a¯in(δaˆ† − δaˆ) (A2)
where ∆ = ωl−ωc and g = g0a¯. Including dissipation to
the optical and mechanical baths as well as the adjoining
input noises yields the Langevin equations
˙ˆa = −(κ/2− i∆)aˆ− ig(bˆ† + bˆ) +√κaˆin (A3a)
˙ˆ
b = −(Γm/2 + iΩm)bˆ− ig(aˆ† + aˆ) +
√
Γmbˆin (A3b)
where for brevity we have omitted the δ designation on
the noise operators. When the drive is tuned to the lower
mechanical sideband, ∆ = −Ωm, and in the good cavity
limit, κ  Ωm, we can perform the rotating-wave ap-
proximation, leading to
˙ˆa = −(κ/2− i∆)aˆ+ igbˆ+√κaˆin (A4a)
˙ˆ
b = −(Γm/2 + iΩm)bˆ+ igaˆ+
√
Γmbˆin (A4b)
We will be interested in interactions occurring on a
time scale much shorter than the mehcanical dissipation,
hence we can neglect Γm. We further move into a frame
rotating at the mechanical frequency to obtain
˙ˆa = −κ
2
aˆ+ igbˆ+
√
κaˆin (A5a)
˙ˆ
b = igaˆ (A5b)
In the weak coupling limit g  κ we can adiabatically
eliminate the cavity dynamics,
aˆ(t) = i
2g
κ
bˆ+
2√
κ
aˆin (A6a)
bˆ(t) = e−g˜tbˆ(0) + i
√
2g˜ e−g˜t
∫ t
0
dt′eg˜t
′
aˆin(t
′) (A6b)
where we defined the coupling strength g˜ = 2g2/κ. Sub-
stituting the output field given by aˆout = −aˆin +
√
κaˆ in
Eq. (A6a) yields
aˆout = aˆin + i
√
2g˜bˆ. (A7)
We introduce the temporal optical modes [27, 56]
Aˆin(t) =
√
2g˜
e2g˜t − 1
∫ t
0
dt′eg˜t
′
aˆin(t
′) (A8a)
Aˆout(t) =
√
2g˜
1− e−2g˜t
∫ t
0
dt′e−g˜t
′
aˆout(t
′) (A8b)
which obey [Aˆi, Aˆ
†
i ] = 1, in Eqs. (A6b) and (A7) to yield
Aˆout(t) = e
−g˜tAˆin(t) + i
√
1− e−2g˜t bˆ(0) (A9a)
bˆ(t) = e−g˜tbˆ(0) + i
√
1− e−2g˜t Aˆin(t) (A9b)
In other words, we realize a beamsplitter transformation
between mechanical and optical modes(
Aˆout(t)
bˆ(t)
)
=
(
cos θ i sin θ
i sin θ cos θ
)(
Aˆin(t)
bˆ(0)
)
(A10)
with cos θ ≡ e−g˜t and sin θ ≡ √1− e−2g˜t. In our case
g˜t  1 so θ  1. The unitary transformation (A10)
entails [54, 78] Aˆout = U
†AˆinU and bˆ(t) = U†bˆ(0)U with
U = ei
pi
2 Lˆ3e−2iθLˆ2e−i
pi
2 Lˆ3 and the ‘angular momentum’
operators given by [54, 79, 80]
Lˆ2 =
1
2i
[Aˆ†in(t)bˆ(0)− bˆ†(0)Aˆin(t)] (A11a)
Lˆ3 =
1
2
[Aˆ†in(t)Aˆin(t)− bˆ†(0)bˆ(0)] (A11b)
Thus, in the Schro¨dinger picture, a system initially
described by a density matrix ρˆin will evolve according
to ρˆout = Uˆ ρˆinUˆ
†. The initial state of the systems is
ρˆin = ρˆ
M
in ⊗ |0〉〈0| (A12)
where ρˆMin is the mechanical input state, and the cavity
in the vacuum state (hereafter all bras and kets refer to
optical Hilbert space). In this case the output state is
given by [54, 80]
ρˆout =
∞∑
n=0
∞∑
m=0
[
e−i(m−n)pi/2√
n!m!
(−1)m+n|tan θ|m+n
× bˆm|cos θ|bˆ†bˆρˆMin |cos θ|bˆ
†bˆbˆ†n ⊗ |m〉〈n|
]
.
(A13)
6Conditioned on detection of m output photons, the me-
chanical state is reduced in the usual way
ρ
(m)
out =
〈m|ρˆout|m〉
trM (〈m|ρˆout|m〉) (A14)
with probability
P (m) = trM (〈m|ρˆout|m〉)
=
∞∑
n=m
(
n
m
)
(sin θ)2m(cos θ)2(n−m)〈n|ρˆMin |n〉
(A15)
Equations (A13), (A14) and (A15) can be solved for an
arbitrary mechanical input state ρˆMin . This has been done
for squeezed vacuum in Ref. 54. In our work we solve
numerically for ρˆ
(m)
out for a squeezed thermal input state.
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